Natural pozzolan is being widely used as cement replacement. Despite the economic, ecological, and technical benefits of its adding, it is often associated with shortcomings such as the need of moist-curing for longer time and a lower early strength. This study is an attempt to investigate the effect of adding limestone filler on the compressive strength and durability of mortars/concrete containing scoria. Sixteen types of binders with different replacement levels of scoria (0, 10, 20, and 30%) and limestone (0, 5, 10, and 15%) were prepared. The development of the compressive strength of mortar/concrete specimens was investigated after 2, 7, 28, and 90 days' curing. In addition, the acid resistance of the 28 days' cured mortars was evaluated after 90 days' exposure to 5% H 2 SO 4 . Concrete permeability was also evaluated after 2, 7, 28, and 90 days' curing. Test results revealed that there was an increase in the early-age compressive strength and a decrease in water penetration depths with adding limestone filler. Contrary to expectation, the best acid resistance to 5% H 2 SO 4 solution was noted in the mortars containing 15% limestone. Based on the results obtained, an empirical equation was derived to predict the compressive strength of mortars.
Introduction
Natural pozzolan is being widely used as cement replacement due to its ecological, economic, and performance-related advantageous properties [1] [2] [3] [4] [5] [6] . However, its use caused longer setting times and lower early strengths compared with plain Portland cement [7, 8] . To overcome the disadvantages of low early strengths of binders containing natural pozzolans, adding limestone filler could be a solution.
During the last decade, limestone has proven to be an effective partial replacement for OPC. The effect of limestone filler on OPC is twofold. Replacing part of the OPC with limestone filler will provide additional surface for precipitation of hydration products, thereby promoting the earlyage hydration of the OPC [9, 10] . Besides the aforesaid physical effect or what is called the filler effect, there is also a chemical effect: the calcium carbonate of the limestone filler can interact with the aluminate hydrates formed by OPC hydration [9, 11, 12] . Calcium monosulfoaluminate hydrate is unstable in the presence of calcium carbonate, and instead calcium mono-and hemicarboaluminate hydrate will form. This leads to the stabilization of the ettringite and will result in an increase in the total volume of the hydration products [9, 12, 13] , which potentially might result in a decrease in porosity and thus an increase in strength. The effect of this chemical interaction in an OPC-limestone system is, however, not so pronounced due to the limited aluminate content in the anhydrous clinker. In OPC the limestone filler is therefore often considered inert. The chemical interaction between calcium aluminate hydrates (CAH) and calcium carbonate (CC) might therefore be of greater importance in binders containing supplementary cementitious materials of significant contents of aluminates such as fly ash, metakaolin, and natural pozzolan. The CAH formed during the pozzolanic reaction react with the CC of the limestone filler and form calcium carboaluminate hydrates [9] .
Advances in Materials Science and Engineering
Portland cement concrete is vulnerable to acid erosion because of its high content of alkaline hydrates. In recent years, Portland cement concrete often incorporates pozzolans due to various benefits. One of these important benefits is the higher acidic resistance due to the dense microstructure and reduced calcium hydroxide, Ca(OH) 2 [1] . However, the main composition of limestone filler is calcium carbonate, CaCO 3 , which easily suffers from acid attack.
Syria is rich in both limestone and volcanic scoria with estimated reserves of about 12 billion cubic meters and one billion tonnes, respectively [14, 15] . Although there are numerous studies on using natural pozzolan and limestone filler as cement replacement, very little works have been carried out in the past to investigate the influence of adding limestone filler on the mechanical and durability properties of volcanic scoria-based binder mortar/concrete. In addition, literature did not cover the wide area of durability and did not give answers in many areas regarding the growing use of limestone filler-volcanic scoria-OPC system.
The objective of this paper is to investigate the influence of adding limestone filler on some properties of mortars/concrete containing volcanic scoria-based binders. Compressive strength, acid resistance, and water permeability have particularly been investigated. Sixteen binders with different replacement levels of volcanic scoria (0, 10, 20, and 30%) and limestone filler (0, 5, 10, and 15%) have been produced for this investigation.
The study is of particular importance for the following points:
(i) Studying the strength development of both mortars and concrete with the same (w/b) ratio was not probably tackled before. Therefore, to predict the compressive strength of concrete depending on the mortar results could be considered a good approach.
(ii) Replacement of OPC by volcanic scoria and limestone filler could significantly minimize CO2 released into atmosphere and save energy.
(iii) This study is the first of its kind in Syria. However, it is not limited to the country. It can be applied to other countries of similar geology, for example, Harrat Al-Shaam, a volcanic field which covers a total area of some 45,000 km 2 ; about 15,000 km 2 is located in the country, Figure 1 . The rest covers parts of Jordan and KSA.
(iv) As our country begins preparations for the huge reconstruction after the war comes to its end, the encouraging results can be considered a motivation of other studies, such as using these local supplementary cementing materials in enhancement of properties of recycled concrete which are expected to be inevitable building material during the postwar reconstruction in Syria.
It is worth mentioning that, in previously published papers on studying Syrian volcanic scoria as cement replacement, the scoria was quarried from Dirat-at-Tulul (it is currently out of the governmental control) and ground with all other binder components (i.e., clinker and gypsum) together (i.e., intergrinding) into a specific fineness [1, 16, 17] . However, in the present study, another supplementary cementitious material (i.e., limestone filler) was added as cement replacement. In addition, the used volcanic scoria was quarried from Tal Shihan (it is under control of the government), which is about 75 km far from the Dirat-at-Tulul quarry. This was clearly seen from the varying chemical and mineralogical compositions. All binder components (i.e., scoria, limestone, and OPC) were separately ground into specific levels of fineness. This grinding process was adopted because it ensures achieving the required level of supplementary cementitious materials fineness. In addition, more attention was paid to investigating the effects of adding limestone filler to the scoria-based cement on the physical, mechanical, and some durability-related properties of paste/mortar/concrete. The microstructure of ternary binder pastes was investigated thoroughly, as well. Furthermore, prediction of mechanical strength of mortars/concrete containing both volcanic scoria and limestone filler can be of considerable benefit. Despite the large number of studies which dealt with the natural pozzolan and limestone filler containing concrete, there is a lack of such a prediction.
Materials and Methods

Volcanic Scoria.
Volcanic scoria (VS) used in the experiments was collected from a Tal Shihan' quarry, 70 km southeast of Damascus, as shown in Figure 1 . Mineralogical and petrographic properties of VS were identified under the polarizing microscope by using their thin sections (Figure 2(a) ) and X-ray powder diffraction (XRD) analysis of the powdered bulk samples was carried out (Figure 2(b) ). The petrographic examination showed that VS consisted of amorphous glassy ground mass, vesicles, plagioclase, olivine, and pyroxene. The chemical analysis of VS used in the study is summarized in Table 1 . This analysis was carried out by means of wet chemical analysis specified in EN 196-2(1989).
Limestone.
Limestone was quarried from Hama governance, 210 km north of Damascus. Chemical and some physical properties of limestone are presented in Table 1 . Its total organic carbon (TOC) and clay contents have been determined in accordance with EN 13639 and EN 933-9, respectively. Limestone sample has been dried and ground to the required size. SEM of the limestone filler (LF) with EDX analysis were shown in Figure 3. 
Binder Samples.
Sixteen binder samples have been prepared; one plain Portland cement CEM I (control), three binary binders with three replacement levels of 10%, 20%, and 30% VS (EN 197-1), three binary binders with three replacement levels of 5%, 10%, and 15% LF (EN 197-1), and nine ternary binders containing both VS and LF as illustrated in Table 2 . 5% of gypsum were added to all the binder samples. All replacements were made by mass of cement. The clinker has been obtained from Adra Cement Plant, Damascus, Syria. All binder constituents have been ground by a laboratory grinding ball mill of 25 kg raw mix capacity. Limestone and volcanic scoria have separately been ground to 4100 ± 100 cm 2 /g Blaine fineness, while the clinker and gypsum have been interground into 3600 ± 50 cm 2 /g. The Blaine fineness was measured using air permeability method in accordance with the European standard (EN 196-6). The particle size Advances in Materials Science and Engineering
The studied site (Tal Shihan) Advances in Materials Science and Engineering distributions of the constituents have been obtained using Malvern Mastersizer 2000, a laser particle size analyzer, as shown in Figure 4 . The median particle sizes of LF, VS, and OPC were about 9, 13, and 15 m, respectively. All binders were designated according to the replacement levels. For instance, VS30LF5 refers to the binder containing 30% and 5% of VS and LF, respectively.
Mortars.
Mortar specimens of all binders used in the experiments have been prepared using these binders and sand meeting the requirements of ASTM C778. In all mixtures, binder : sand and water : binder (w/b) ratios were kept constant as 1 : 2.75 and 0.5 by weight, respectively. After being kept in (RH ∼ 95%) for 24 hours, the mortar specimens were demolded and kept in water at 22 + 2 ∘ C until the time of testing. No admixtures were used, as all mortar mixtures were mixable at this water-to-binder ratio.
2.5.
Concrete. Sixteen concrete mixes have been prepared using grading of aggregate mixtures kept constant for all concrete mixes. Aggregates used in the study were crushed dolomite with natural sand added. Their quantities in 1 m 3 concrete mix based on the oven-dry condition were as follows: 585.5 kg of coarse aggregate, 585.5 kg of mediumsize aggregate, 467.5 kg of crushed stone sand, and 312.5 kg of natural sand. All concrete mixes were designed to have a water-binder ratio of 0.5 and a slump of 150 ± 20 mm. Superplasticizer of "type F" (ASTM C494) was added. Concrete cubes (150 mm) were cast for the determination of compressive strength and water permeability.
Physical and Mechanical Properties of Pastes/Mortars.
Water requirements, setting times, and soundness of all mortar cubes were immersed in the aggressive acid environment for 90 days. The Plexiglas containers with immersed mortar specimens were kept covered throughout the testing period to minimize the evaporation, as shown in Figure 5 . At 2, 7, 14, 28, 56, and 90 days of exposure, the mortar specimens were cleaned with distilled water; then the acid resistance was evaluated through measurement of the weight loss of the specimens determined as follows:
where 1 is the weight (grams) of the specimens before immersion and is the weight (grams) of cleaned specimens after day immersion. The average weight losses for each mortar specimens have been reported.
Concrete
Permeability. Concrete permeability measured in terms of depth of water penetration has been carried out as per the standard EN 12390-8. The results shown in this paper are the average penetration depth.
Results and Discussion
Properties of Volcanic Scoria and Limestone Filler.
As seen from Table 1 , volcanic scoria is considered as suitable material for use as cement replacement. It satisfied the standards requirements for such a material by having a combined SiO 2 , Al 2 O 3 , and Fe 2 O 3 of more than 70%, a SO 3 content of less than 4%, and a loss on ignition of less than 10% (ASTM C618:2001). SiO 2reactive content is more than 25%, as well (EN 197-1). In addition, it has a strength activity index with PC higher than the values specified in ASTM C618 (2001).
The chemical composition of limestone filler has been found to be 55% CaO (CaCO 3 ratio is about 97%) with a loss on ignition value of 43%. Furthermore, some impurities such as MgO, Fe 2 O 3 , SO 3 , SiO 2 , and Al 2 O 3 have been determined where their total amount is about 3%. The total organic content and clay content of the studied limestone have been determined as 0.36% and 0.56%, respectively. According to EN 197-1 standard, it is possible to classify these cements as CEM II/A-L (group L: TOC is between 0.5% and 0.2%). In addition, according to this standard, the CaCO 3 ratio of limestone employed in the production of blended cement should be at least 75%, and the clay content of limestone should not exceed 1.2%. Based on the analysis results, the studied limestone can be used as ingredient in cement production.
Physical Properties of Binder Pastes
Water Requirements.
The results of water requirements are given in Figure 6 (a). Binary binders containing VS have, to some extent, a greater water demand. However, as it can be seen from Figure 6 (a), there is no significant change in the water content even for the binder containing 30% VS which increased only by less than 3% compared to CEM I. This could be explained by the lubricant effect of natural pozzolan on paste when finely divided [1, 18] and the effect of VS shape which was characterized by shape-edged grain [19] . The limestone filler, despite its higher fineness, generally demands less water than the corresponding pure cement. This is due to the wider particle size distribution of limestone filler [20] . The particle size distribution of the clinker, which is harder to grind, is narrower, with a slope equal to 0.88 on a RosinRammler diagram, as shown in Figure 6 (b). That of the more easily ground limestone, on the other hand, is wider, with a slope of 0.69. These results are in good agreement with those reported by Sprung and Siebel [21] . Further, no significant change in water demand was observed in the ternary binders as compared with the control. Figure 7 illustrates the setting times of the control paste and pastes containing VS, LF, or both. The results showed that the setting times slightly increased with VS replacement level. This could be due to the increase of water demand [7, 22] and the pozzolanic reaction between the glassy phase in VS and CH liberated during hydration of C 3 S and C 2 S of clinker, which is, usually, slower than the hydration of cement [7] .
Setting Times.
The initial setting times, by contrast, decreased with the increase of LF replacement ratio indicating the acceleration effect of CaCO 3 on the hydration of C 3 A to form sulfoaluminate and of C 3 S to form CSH and CH in cement. The acceleration of setting times reached a maximum of 50 min when 5% LF was used. This is in well agreement with the results reported by Kenai et al. [23] . The influence of adding LF can easily be seen in Figure 7 . While VS30LF0-based paste has initial setting time of 194 min, the VS30LF5-and VS30LF10-based pastes showed a significant reduction in initial setting times of about 17 and 23 min, respectively.
It is worthwhile to note that all the investigated binders are seen to comply with the standard requirements (initial setting time ≥45 min and final setting time ≤420 min) according to ASTM C595.
A plot of the initial setting time against the final setting time for the whole tested samples as shown in Figure 8 indicates that there is a strong correlation between the parameters as the coefficient of determination (
2 ) was calculated to be 0.95. A strong relationship exists between two variables when 2 ≥ 0.85 [24] . Thus, an estimate of the final setting time can be predicted from (2) when the initial setting time has been obtained.
where FST is final setting time (min) and IST is initial setting time (min).
Soundness.
According to the experimental results of volume stability determined by the Le Chatelier accelerated test, the soundness of all studied binders was satisfactory. It can be said that most of them recorded values of less than 0.5 mm which is much less than the maximum value of 10 mm allowed by En 197-1. Interpretation of these results is currently beyond the author's understanding and needs further investigation. Nevertheless, these results could be attributed, to some extent, to the reduction in CaO free and MgO reactive compounds which create the swelling effect. Tables 3 and 4 , respectively. As expected, all mortars/concrete show an increase in strength with curing time. Mortar/concrete specimens containing CEM I have almost higher compressive strengths at any curing time compared to binary or ternary binders. Also, it is seen that the compressive strength of mortars/concrete containing VS decreases with the replacement level for all curing times. For instance, the compressive strength of plain mortars and mortars containing 30% VS after 7 days' curing decreased from 39.6 to 24.1 MPa, respectively. This could be explained by (i) the reduction of cement content in the mix with the increase of VS content, that is, the dilution effect [25] , and (ii) the slowness of the pozzolanic reaction between the glassy phase in VS and the CH released during cement hydration. However, due to the continuation of this reaction and the formation of a secondary CSH, a greater degree of hydration is achieved resulting in strengths after 90 days' curing which are comparable to those of plain mortars [1] . For instance, the compressive strength of VS30LF0-based mortar was found to be 39% lower than plain mortar at 7 days' curing, but this reduction was only 13% after 90 days' curing. The significant gain in strength in mortars containing VS occurred when moving from 28 to 90 days' curing times while in plain mortar specimens this was noted during the first 28 days. This could be explained by the slow pozzolanic reaction and its progress with age in VS-based binder mortars. The strengths of mortars containing LF were not affected by replacement of cement with LF content up to 10%. The early strength was improved by substituting 5% LF while after 90 days of curing the strength of mortars prepared with 5% LF was slightly lower than those prepared without LF. The increase in the early strength of the mortar due to the addition of 5% LF can be attributed to its active participation in cement hydration and filler effect of the fine particles of LF [13] . The additional surface area supplied by the limestone particles may provide sites for the nucleation and growth of hydration products that leads to further increase in strength [13, 26] . Further, despite the fact that the limestone filler has no pozzolanic property (i.e., it does not produce CSH) [27, 28] , limestone particles contribute to the strength development by forming new hydration products like carboaluminate phases and by reducing the pore ratio [26] . According to Vuk et al. [29] , Schmidt [30] , and Voglis et al. [31] , early strength increased with the use of 5% limestone; however, later strengths either remained the same or decreased relatively to the control. When LF is included in large quantities (15%) it acts as a diluent, so that strengths are lower than for comparable Portland cements. This is consistent with the findings reported by Sprung and Siebel [21] and Celik et al. [32] .
The positive effect of adding LF on the early strength of 2 days' cured mortar can easily be seen in Table 3 . For instance, the compressive strength increased from 8.3 MPa to 11.6 MPa when replacing 10% VS by 10% LF in the VS30LF0 mix and from 11.9 MPa to 14.6 MPa when replacing 10% VS by 10% LF in the VS20LF0 mix. On the other hand, the positive effect of VS on the later-age strength can also be observed from Table 3 . For instance, replacing 10% LF by 10% VS in the VS0LF15 resulted in an increase in compressive strength by about 8%. This substitution confirmed the contribution of VS in the strength development through the pozzolanic reaction. Such positive synergy with regard to mechanical strength of concrete has also been reported by other researchers who studied ternary blended mixtures of OPC, limestone powder and fly ash, metakaolin, slag, or natural pozzolan [9, 28, [33] [34] [35] [36] [37] [38] .
Further, an interesting result has also to be reported. The binder containing 20% VS has compressive strengths similar to that containing 20% VS and 5 or 10% LF. This means that replacing 5 or 10% of OPC with 5 or 10% LF does not impair the compressive strength even at later ages. The result shows that the cement producers could burn 5 or 10% less clinker and instead add LF. This is both economically and ecologically beneficial, as less energy is needed and less CO 2 will be emitted.
Strength of concrete is commonly considered its most valuable property, although, in many practical cases, other characteristics, such as durability and permeability, may in fact be more important [39] . Compressive strengths of concrete presented in Table 4 have a trend similar to that noted in mortars. The correlation between the compressive strength of VS-based mortars and the compressive strength of VS-based concrete is given in Figure 9 . The compressive strength of VS-based concrete seems to have a close relationship with that of volcanic-scoria-based mortars. A linear regression analysis was conducted to determine the best-fit relationship between all the measured compressive strengths of mortars and concrete for all curing times. The following linear equation was derived based on the analysis with a regression coefficient of 0.98:
where , are compressive strength of concrete and mortars in MPa, respectively. So, the compressive strength of concrete at a given curing time can be predicted from a knowledge of the compressive strength of mortar prepared with the same w/b ratio. This linear equation is in good agreement with that reported by Neville [39] for plain mortar and concrete. Such similar relationships may need to be developed for other types of aggregates, different w/c ratios, and other curing conditions.
Flexural Tensile Strength of Mortars.
Results of flexural tensile strength of the prisms prepared from the produced binder mortars and cured in water until the test dates are arranged in Table 5 . The values given in Table 5 show the average of flexural tensile strength for 3 samples. A similar trend to that observed for compressive strength seems to be followed by the flexural strength results. However, the results show that flexural strength is less sensitive than the compressive strength to the addition of VS, LF, or both. 
Correlation between Compressive and Flexural Strength of Mortars.
The correlation between the flexural strength and the compressive strength results were calculated for the entire population of mortar test results as shown in Figure 10 , and hence the relation obtained is
with a correlation factor ( 2 ) of 0.97. So, knowing the compressive strength of mortar, the flexural strength can be predicted using (4). This relation is similar to those reported in the literature [39] .
Correlation between Mechanical Strengths and Supplementary Materials Content.
According to the test results, the mechanical strength of mortars containing VS, LF, or both seems to have a close relationship with the content of these additions. For each testing age, linear regression analysis was conducted to determine the best-fit relationship between measured mechanical strengths (compressive and flexural strengths) for all mixtures prepared according to the experimental design and the varying parameters. The independent variables of VS percentage and LF percentage were employed in the following two estimation equations (5) derived by the authors:
where , are compressive and flexural strength of mortars in (MPa), respectively; VS is the volcanic scoria content; LF is the limestone filler content; 1 , 2 , 3 , 4 are constants. So, the compressive and flexural strengths of mortars at a given curing time can be predicted from knowledge of VS content and LF content. Table 6 presents the constants ( 1 , 2 , 3 , 4 ) with regression coefficients ( 2 ) of the correlation between the experimental data and the proposed equation. However, it should be emphasized that additional factors including the type of natural pozzolan or limestone, composition and strength of clinker, w/b ratio, and fineness of the mix ingredients may also be important parameters.
From the values shown in Table 6 , it should be noted that the highest 2 values were found in the correlation between compressive strengths and the supplementary materials contents.
Generally, as can be seen from the correlation values, the predicted values were in good agreement with the measured values obtained in the study.
Acid Attack.
Most investigations have considered weight loss as acceptable indicator for evaluating the resistance of concrete to acid attack. Weight change was determined for all mortars stored in 5% sulfuric acid solution. The results of weight losses of 28 days' cured mortar specimens according to exposure time are presented in Figure 11 .
As expected, the acid resistance of the mortars improves with increasing the replacement level of VS. All mortars containing VS had lower weight loss than the control mortar at the ages of 2, 7, 14, 28, 56, and 90 days. This improvement of acid resistance is higher at early ages and decreases with increasing the immersion time. The weight loss of the mortars containing 30% VS was much less than half of the weight loss of plain mortar at the first 2 and 7 days of exposure. The better performance of VS-based cements can be due to the pozzolanic reaction [40, 41] . This reaction between VS and calcium hydroxide liberated during the hydration of cement led to a refinement of the pore structure resulting in a highly impermeable matrix [1, 40, 41] . This was confirmed by the results of concrete permeability test. The pozzolanic reaction also fixes Ca(OH) 2 , which is usually the most vulnerable product of hydration of cement in so far as acid attack is concerned [39] . In addition, as highly alkaline cements are good willing partners for acid attack [42] , replacing a portion of cement with a less-alkaline pozzolanic material decreases the total amount of the present alkali. Further, pozzolans react with calcium hydroxide to form calcium silicate hydrate with a low CaO/SiO 2 ratio. The creation of calcium aluminate hydrates (CASH-ASH, CAH) in the VS-based mortar also contributes in increasing the chemical resistance of such a mortar. It is believed that CAH may be more chemically stable in highly acidic environments than CSH [43, 44] .
Mortars containing up to 10% limestone filler showed higher loss of weight values at all immersion times. This could be due to the presence of calcium carbonate, CaCO 3 , the main compound in the limestone, which easily suffers from acid attack. This result, which is in good agreement with the result of [45] , can also be attributed to the highly aggressive sulfuric acid solution (i.e., 5% concentration) and the relatively high fineness of LF (i.e., 4100 cm 2 /g). As clearly seen in Figure 12 (a), after 14 days of exposure to 5% H 2 SO 4 , the deteriorated VS0LF5-based mortar showed a structure of relatively high porosity with some crystals of gypsum and CSH phases of low Ca/Si ratio. This relatively low ratio, according to the authors, might be due to the partial decalcification of CSH.
However, contrary to expectation, the weight loss of mortars containing 15% limestone filler was much less than the plain mortar when exposed to 5% H 2 SO 4 . Moreover, the better performance with regard to the sulfuric acid resistance was noted when adding 15% LF to the VS-based mortars. This can be attributed to the following main factors: (i) LF was finer than OPC. It filled the micropores in mortar and the ability of mortar to resist acidic attack was improved by the reduced permeability and porosity, (ii) the presence of high calcium carbonate (CaCO 3 ) content increased the capacity of limestone mortars to consume more aggressive acid, (iii) the decreased proportion of cement reduced the portlandite (CH) content, (iv) addition of calcium carbonate will bring the calcium and thus maintain the protection of CSH of decalcification [46] , (v) as LF content of 15% is the highest, a lot of gypsum from reaction between CaCO 3 and sulfuric acid will form [47] . This layer of gypsum can be capable of retarding the deterioration process by acting as a surface sealing layer [48] . Moreover, this layer has very low solubility in water [49] . This result was confirmed by SEM and EDX analysis, as shown in Figure 12 (b), and (vi) carbonate ions from limestone compete against sulfate ions to react with C3A of cement [50] . As generally expected, none of the binders used can provide a long-term resistance when exposed to strong acids.
Water Permeability of Concrete.
Permeability of concrete to water is closely related to the durability of concrete. Water penetration depth can be considered as an indication of permeable and impermeable concrete [39] . A depth of less than 50 mm classifies the concrete as impermeable and a depth of less than 30 mm as impermeable under aggressive conditions [39] . Figure 13 shows the water penetration depth test results for all binder types. Concrete containing VS-, LF-, or VSLF-based binders is supposed to have lower permeability than CEM I concrete. But in this research, it has been observed that, after 2-day curing, water penetration depth of 10% VS-based concrete was higher than that of CEM I. Increasing the moist-curing period of concrete from 28 to 90 days' reduced water penetration depths of all VS-based concrete. No concrete was found to be impermeable under aggressive conditions, before 28-day curing. The only mix that can be considered as impermeable under aggressive environments after 28-day curing, according to Neville [39] , is VS30LF15-based concrete. However, all concrete containing VS contents ≥ 20% and LF contents ≥ 5% recorded water penetration depths less than 30 mm. This can be attributed to the filling effect of limestone filler and the pozzolanic reaction of volcanic scoria.
Microstructure Observations of the Hydration Products.
Fragments of VS0LF0-, VS30LF0-, VS0LF15-, and VS30LF15-based paste specimens broken off and washed with acetone were examined and analyzed by SEM and EDX techniques. Figures 14, 15 , 17, and 18 present the SEM photos and the EDX analysis of the studied pastes after 28 days' curing. The effect of adding limestone filler is clearly seen in modifying the microstructure of plain and VS-based pastes.
As shown in Figure 14 , the SEM and EDX microanalysis of VS30LF0-based paste showed a very dense structure and indicated that the examined fractured sections mainly consist of CSH and CASH-ASH phases with very low CH content which might be consumed through the pozzolanic reaction. Different phases, by contrast, were detected when adding 15% LF, as seen in Figure 15 . EDX analysis of VS30-LF15-based paste showed major elements such as Ca, O, Si, C, and Al confirming the identification of carboaluminate hydrate and CSH formation. This, which was further confirmed by XRD analysis, as shown in Figure 16 , is in agreement with the results reported in the literature [9, 31, 51] . Presence of LF could also fill the pores between the cement particles due to the formation of carboaluminate phases.
On the other hand, in Figure 17 a large number of needle-like crystals of ettringite in VS0LF15 can be seen. This confirms that limestone filler seems to stabilize ettringite as reported by other researchers [9, 11, 13] . This also confirms the role of limestone filler in chemically interacting with the aluminate phases in cement to stabilize a carboaluminate phase at the expense of monosulfoaluminate [13] . In addition, this action can increase the quantity of ettringite formed which leads to an increase in solid volume and thus decreased porosity and slightly improved mechanical strength [9] . Further, as clearly seen in Figure 18 , darker areas were more frequent in case of VS0LF0-based paste, indicating its higher porosity when compared with the others.
Conclusions
From the experimental results, the following conclusions could be drawn: (i) The compressive strength of mortar/concrete containing VS-based binders was lower than that of plain cement mortar at all ages. At early ages, the mortars containing 30% VS had compressive strengths much lower than that of plain cement mortar. However, after 90 days' curing, the compressive strengths of VS-based mortars were comparable to those of plain cement mortar. Adding up to 10% LF content, by contrast, develops almost the same compressive strength as the corresponding plain cement.
(ii) The negative effect of VS on the early strength of mortars can be compensated by using LF, while the negative effect of LF on the compressive strength of mortars at later ages can be compensated by using VS. This positive synergy effectively counters the dilution effect on the strength performance of blended cements. So, it is expected that the future world production and use of ternary blended cements will significantly be extended.
(iii) A strong correlation was observed between the compressive strength of concrete and that of mortars with a similar w/b ratio, such that one can be estimated from knowledge of the other.
(iv) Limestone filler is not solely an inert additive; CaCO 3 reacts with aluminates to form carboaluminate phases. This has been confirmed by the results obtained and the microstructural analysis.
(v) Results of loss in weight after (H 2 SO 4 ) acidic exposure indicate generally superior performance of VS-based mortars and inferior performance of LF-based mortars compared to the respective control mortar. However, adding LF in a significant quantity (15%) considerably improved sulfuric acid resistance of the mortars investigated.
(vi) Based on the results obtained, the authors derived an estimation equation of both compressive and flexural strength development incorporating the effects of VS and LF contents at a given curing time. The mechanical strength of mortar containing VS, LF, or both could be adequately predicted using (5) . Development of such a good relationship between mechanical strengths and the supplementary cementing materials could be of considerable benefit. However, more parameters such as type and fineness of the materials used and w/b ratio should be taken into consideration.
(vii) Water permeability of VSLF-based concrete mixes was much lower than those of either plain concrete or VS-based concrete, especially at longer curing time and high replacement levels. This has also been confirmed by SEM/EDX analysis.
(viii) Use of ternary cements containing an adequate combination of limestone filler and volcanic scoria can lead to an efficient use of natural resources, saving energy consumption and reducing gaseous emissions without compromising the mechanical properties of cement. So, production of a green concrete could be promoted.
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